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ABSTRACT 
 Ligaments serve as compliant connectors between hard tissues. In that role, they function 
under various load regimes and directions. However, the 3D structure of ligaments is still 
considered uniform.  The periodontal ligament connects the tooth to the bone and like other 
ligaments, it sustains different types of loads in various directions. Using the PDL as a model, 
and employing a fabricated motorized set-up in a microCT instrument, morphological automated 
segmentation methods and 2nd harmonic generation imaging, we demonstrate that the fibrous 
network structure within the PDL is not uniform, even before the tooth becomes functional. We 
find that areas sustaining compression loads are pre-structured with sparse collagenous networks 
and large blood vessels, whereas other areas contain dense collagen networks with few blood 
vessels. Therefore, the PDL develops as a non-uniform structure, with an architecture designed 
to sustain specific types of load in different areas. Based on these findings, we propose that 
ligaments in general should be regarded as non-uniform entities structured for optimal 
functioning under variable load regimes. 
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Introduction 
Locomotion is vital for function and survival. Whereas a large range of skeletal motion is desirable, 
restriction of this range is of no less importance. The framework of the range of motion is defined 
by bone morphology, but mostly by ligaments that restrain the mobility of bones across joints. 
Ligaments serve as a compliant connector between hard tissue elements, provide mechanical 
stabilization and therefore are vital constituents of joint structures. As connectors between bones 
they also have a role in bone formation and remodeling processes. However, despite their central 
functional roles, the structure, regeneration and healing abilities of ligaments are not well 
understood.  
Generally, ligaments are composed of collagens, glycosaminoglycans (GAGs), fibroblasts, water 
and blood vessels. The collagenous component is mainly type I collagen; however, other collagen 
types such as types II, III, IV, V, XI, XII and XIV were also found in ligaments and at their bony 
interfaces (1-5). The distribution and composition of these components within the ligament is 
constantly changing with their functions (6-8). A fibrocartilage area, containing type II collagen, 
for example, is found at the enthesis, where the ligaments insert into the bone; however, it is also 
found in areas of ligaments that are working under compression loads as well as in pathological 
conditions (7). Indeed a mixture of type II collagen and GAGs absorb compressive loads efficiently 
whereas Type I collagen is known to have low compressive properties in the hydrated state (9). 
The distribution and functional alterations on these two collagen types within a ligament as well 
as correlation to vascularization changes are yet to be demonstrated (6-8). The non-uniform 
distribution of different collagens, GAGs, and blood vessels is a consequence of function. 
However, the non uniformity also affects stiffness of the extracellular matrix and surface 
roughness; properties which are known to influence cell motility and differentiation and, therefore, 
2 
 
structure (9) (10). Structure and function are intermingled and inseparable. Therefore, the order of 
events is mostly obscure. This study is aimed at investigating whether non-uniform ligament 
structure guides specific functions. To do this, we have studied the periodontal ligament (PDL) 
which connects the teeth to the maxillary and mandibular bones. Being the only soft tissue in the 
entire tooth-bone complex, it controls tooth movement and is vital for tooth survival. Teeth do not 
have regeneration capabilities, but they sustain high and repetitive loads in variable directions. 
Their survival is therefore essentially attributed to their ability to move and deform. The layered 
structure of the tooth enables structural deformation in reaction to loads; however, the movement 
of the entire tooth is mainly directed by the PDL. Similar to other ligaments, the PDL consists of 
collagens, glycosaminoglycans, fibroblasts, water and blood vessels. The major collagenous 
constituent is type I, and it is the only collagen that is embedded in both the tooth and the bone. 
Other types of collagen in the PDL are types III, V, VI and XII (?). It was previously shown that 
the 3D collagenous network in rat PDL is not uniform in its distribution (11). In this study, we 
investigate whether the non-uniform structure develops as a result of function or whether it is 
generated non-uniformly as a developmental feature that guides function. Using a humidified 
custom-made chamber, coupled with a loading system, we were able to generate 3D imaging of 
the collagen fibers in fresh specimens without fixation or staining. We also developed an 
automated segmentation algorithm of PDL fibrous components in order to generate 3D distribution 
maps of collagen fibers. To correlate the structure with function, we loaded mouse teeth in the 
chamber and identified areas in the ligament that are working under compression. Structural 
analysis of the collagen networks at different functional stages allowed identification of non-
uniformities prior to functional loads.  
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Results 
Using a unique setup inside a microCT instrument, we were able to visualize in 3D the fibrous 
network of intact periodontal ligaments (PDL) of mouse teeth, while still in the mandibular jaw, 
in humidified physiological conditions. The set-up conditions prevent any experimental 
deformations of the type I collagenous network that is connected to both the tooth and the bone.  
3D visualization of the PDL collagen networks: The 3D images of the fresh and unsectioned 
PDL reveal that the fibrous network is organized in longitudinal sheets along the long axis of the 
roots and not in bundles as described in the literature (Figure 1A). After the automated 
segmentation process (detailed information about the process can be found in SI), 3D images of 
the PDL fibrous network without the bone and tooth tissues were generated (Figure 1B).  
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The distribution of fibers inside the PDL is not uniform. There are areas of high fiber 
concentrations – dense networks (Figure 1 black arrowheads); other areas have very few fibers – 
sparse networks (Figure 1 gray arrowheads). The sparse networks can be clearly seen in the area 
between the roots – the furcation area (Figure 1C) – and in the middle of the roots on the buccal 
side (Figure 1E).  
Characterizing the collagen distribution: Following the computational segmentation of the PDL 
fibrous network (SI) we generated density maps of the fibers in order to objectively evaluate the 
locations of dense and sparse networks.  The density maps show a distinct difference between the 
fiber organization at the buccal side of the root and the lingual side. The buccal side (Figure 2A) 
contains a dense network strip close to the crown of the tooth; however, the middle area of both 
roots contains only sparse networks. In contrast, more uniform dense networks occupy the lingual 
side (Figure 2B).  This difference can be readily seen in coronal views of the roots (Figures 2C 
and 2D). A greater difference in the distribution at the lingual and buccal sides is seen in the mesial 
root (Figure 2C). Interestingly, although a dense network collar occupies the top circumference of 
the roots, only sparsely distributed fibrous sheets are seen between the roots (Figure 2E).  
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Correlating the function with the fiber distribution: The loading system in the microCT enables 
vertical loading of the tooth while it is still inside the fresh bone (Figure 3A,B)(11). This feature 
allowed an analysis of the tooth trajectory under functional loads. The morphology of the molar 
tooth of many mammalian species, including humans and mice, is such that the long axis of the 
crown is not continuous with the long axis of the roots. An angle of approximately 25 degrees 
exists between the two axes, and a similar angle was found in a rat specimen (12). The angulation 
is always towards the buccal side (Figure 3A). The loading system is designed such that the long 
axis of the crown will be continuous with the moveable anvil and perpendicular to the occlusal 
surface of the crown, similar to the direction of functional vertical loads. Similar to a previous 
study, we used the loading system to exert vertical compression loads that generate contacts 
between the roots and the alveolar bone (12). Here, the 3D scan in the compressed mode showed 
that the PDL space was getting narrow at the middle portions of the buccal surfaces of the roots as 
well as at the furcation (Figures 3D and F), similar to what was shown in a rat model (12). The 
areas in the PDL that showed prominent narrowing and contact areas between the root and the 
bone were co-localized with areas in the PDL containing only few collagen sheets – the sparse 
networks (Figures 3C and E). 
 
Structural changes at different functional stages: In order to further define whether tooth 
function is correlated with the distribution of dense and sparse fiber networks, we scanned mice at 
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different functional stages. We scanned teeth before eruption (2 weeks after birth), right after 
eruption and when the teeth are beginning to function (3 weeks), fully functioning in young adults 
(10 weeks) and in adult mice (15 weeks).  Figure 4 displays the density maps at the different stages. 
Interestingly, the same fiber distribution patterns are seen at all ages. The transverse sections 
(Figure 4, right column) show two interesting features:  (1) The furcation area, where the roots 
split, is generated as a sparse network before eruption, and remains as such during the different 
stages, and (2) a dense network strip surrounds the furcation area as well as the roots and is more 
prominent at the buccal side throughout all the different functional stages. In the sagittal views 
(left column), at the buccal side, sparse networks are seen in the middle of the roots (black 
arrowheads) and a dense network is encircling the upper third. This dense collar around the neck 
of the tooth, although narrower after eruption, is present throughout all functional stages. The 
lingual side has both dense and sparse networks before eruption at 2 weeks, and gradually 
transforms into a uniform dense network as function is established. These features can be also seen 
in the coronal sections (middle column). The fiber density at the mesial and distal surfaces of the 
roots is reduced once the tooth is erupted and has gained function.  
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Studying the collagen distribution with 2nd harmonic generation: In order to verify the 
different fiber densities detected by the microCT method, a second harmonic generation method 
was used. Fibrillar collagens generate a very bright second harmonic signal (2HG) (13). This signal 
is reflected intensely from non-centrosymmetric structures such as those of triple helical fibrous 
collagen molecules (14). We used the 2HG signal from a PDL sample after the surrounding bone 
was reduced in its thickness to a transparency level that enabled the laser to penetrate through it. 
Figure 5 is a composite showing the PDL-tooth-bone complex from the buccal side at the level 
where the roots emerge from the crown. According to the microCT scans this region contains the 
dense collar network. The 2HG signal also shows a dense collagen network in this region (white 
arrows). The bone around the distal root was reduced such that exposure of the PDL along the 
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root, where the sparse network is located, is revealed. Indeed, the 2HG signal from the fibers in 
that area was weaker, corresponding to less organized and fewer collagen networks (black arrow). 
Verification of the collagen type was done by immunostaining of collagen type I and imaging by 
2HG with 2 photon emission; both signals were overlapping (data not shown). 
 
Type XII collagen and the PDL density: In order to further study the non-uniformity of the 
collagenous network inside the PDL, we scanned the tooth of an adult Col12a1 -/- knockout mouse 
(Figure 6). The overall density in all planes was reduced and dense networks were almost absent 
from the PDL. The lingual side seemed to be at the same density level as the buccal side and the 
dense collar was not present, except for one spot between the roots (Figure 6 B, D). The sheets 
themselves seemed to be arbitrarily spread, but the longitudinal directionality was preserved 
(Figure 6C). 
9 
 
 
Characterizing the distribution of blood vessels in the regions of dense and sparse networks: 
The PDL is a highly vascularized tissue (15, 16). We showed here that the sparse areas were 
correlated with high compression loads; compression loads in the alveolar bone, unlike long bones, 
usually leads to bone resorption (17). However, the bone in the furcation area is maintained and 
does not undergo resorption in healthy conditions. We therefore propose that bone remodeling 
rates are higher in the sparse than in the dense areas of the PDL. Previous studies showed a high 
correlation between multipotent cells and blood vessels (15, 16, 18). Moreover, the blood vessels 
serve as a conduit for bone marrow multipotent cells to get to the PDL and might play a central 
role in the bone turnover rate. To image blood vessels in the different fiber network areas we used 
Flk1-cre mice, an endothelial-specific transgenic cre strain (19), to generate Flk1-cre; tdTomato 
transgenic mice, expressing Tomato fluorescence in endothelial cells. Figure 7A shows a coronal 
section through the mesial root of a wild-type mouse stained with anti-CD31 (green). A notable 
difference between the presence of blood vessels between the buccal side (B) and the lingual side 
(L) of the PDL (fibers are highlighted in red) was observed. Many blood vessels were seen at the 
buccal side (white arrows) where the sparse networks are found, and only few blood vessels were 
10 
 
seen on the lingual side(black arrows), occupied by the dense network. A sagittal section of the 1st 
molar of a Flk1-cre; tdTomato transgenic mouse shows large blood vessels at the furcation area, 
which was shown to contain the sparse network ((Figure 7B, white arrows), but such vessels are 
absent from other areas in the PDL. 
 
Discussion  
Structure-function relations: The periodontal ligament represents a ligament model that is 
functioning under both compression and tension and therefore has an advantage in studying the 
link between function and structural changes. In this study we show that the structure of the 
periodontal ligament is specifically designed as an optimized tissue to maximize the function of 
the tooth - bone connection. The opposite effect - function determining structure - was observed 
already in the 19th century by Julius Wolff when he studied the orientation of the trabeculae in long 
bones with altered functional patterns due to physiological impairments (20, 21). It is now evident 
that function directly relates to structure, not only in trabecular bone organization, but in other 
biological systems as well. The formation of ridges and eminences in bones were shown to be 
regulated by tendon and muscle function (22); the insertion site of ligaments in the bone, the 
fibrocartilagenous enthesis unit, is structurally changing under different loads (23); local 
compression loads at specific sites in ligaments induce replacement of the fibrillar collagen 
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network to fibrocartilage (7, 24, 25). Other structural alterations associated with compression loads 
in ligaments are changes in cellular morphology and levels of proteoglycans and collagen cross-
links (6, 26, 27). On the other hand, cellular activities such as adhesion, differentiation, survival 
and morphological features (1, 28) are directly influenced by structural elements in the ECM (29-
32). For example, fibroblasts were found to migrate faster in matrices of medium stiffness (33), 
and transform their shape from round in soft matrices to flattened with extended processes on 
stiffer matrices (34). Similar to the effects of ECM on cells, this study shows that ligament structure 
guides tooth function.  
Collagen Non uniformity: The non-uniformity of the collagen I network in the periodontal 
ligament exists before the tooth has completed its development and before it is exposed to 
functional loads. Therefore, the structure of the collagen network is pre-programmed during 
development to guide tooth function in a specific manner.  Previous studies showed that the area 
between the roots of the tooth, the furcation area, acts like a fulcrum around which the tooth moves; 
therefore, it is exposed to compressive loads (12). Our results demonstrate that this area contains 
few type I collagen sheets, but numerous large blood vessels. A similar structure is found at injured 
areas of ligaments. Ligaments that are designed to work under tensional forces contain mostly 
Type I collagen (28), but when pathological changes occur, mostly caused by rupture, the injured 
sites contain fewer type I collagen fibers with smaller diameters, altered proteoglycan content and 
increased vascularization (35, 36). Such regions are considered scars within ligaments; they 
function less efficiently in tension, but provide a better mechanism for dealing with compressive 
forces (1, 28). The furcation area sustains repeatedly high compression, torsion and shear loads. 
Therefore, it can be regarded as a region of constant trauma that necessitates a structure that will 
reduce tissue damage and provide better function. The presence of fewer type I collagen fibers and 
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large blood vessels leaves more volume for non-collagenous ECM components. Such components, 
proteoglycans and GAGs, are found at sites exposed to compressive, torsional and shear forces in 
other ligaments, where they serve as load dissipaters and lubricators (26, 27, 37). Moreover, non-
collagenous ECM components are known to influence the stiffness of blood vessels either as 
structural components of the blood vessel wall (for example, elastin) or as an external component 
(37-40). Therefore blood vessels located in the compression areas might have a different structure 
and mechanical properties in order to provide higher stability and resistance to obliteration and 
ischemia incidents do to the repetitive compression forces; however, this needs further 
investigation. 
Non-uniformity and bone remodeling: Local ischemia, causing degradation of the PDL and 
recruitment of osteoclasts that initiate bone resorption and stimulate bone remodeling, is believed 
to be involved in orthodontic tooth movement (17, 41). When compression forces are being felt 
by the PDL, alveolar bone is resorbed; when tensional forces are generated in the PDL, new bone 
forms. Nonetheless, the alveolar bone in the furcation area, constantly under compression forces, 
is not resorbed under normal conditions (42, 43). Previous studies showed that the contact areas 
between the tooth and the bone are small and localized (12, 44), and much smaller than the size of 
blood vessels we show here at the compression sites. Therefore, ischemia is unlikely to readily 
form at the compression sites. Moreover, blood vessels serve as a conduit for pluripotent cells with 
the capacity to differentiate into bone forming cells.  However, the alveolar bone is resorbed when 
the compression load is increased above the normal physiological range (45). Overloads that 
exceed the dissipation capacity of the ligament may trigger mechanical sensing units, such as 
osteocytes, and signaling pathways that stimulate bone resorption. Since the furcation areas are 
designed to work under compression, with large blood vessels as well as a high content of non-
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collagenous ECM components, they provide protection from undesired bone resorption. This 
might explain the enigmatic observation in orthodontics that teeth with multiple roots move slower 
in the alveolar bone than their neighboring single-rooted teeth. The reason for this is not clear since 
it has been thought that the resorption rate of alveolar bone is the same everywhere. It was 
previously shown that the bone in the furcation area serves as a fulcrum not only under functional 
loads but also under much smaller loads as used during orthodontic tooth movement procedures. 
This is consistent with the possibility that the furcation area, present only in multirooted teeth, 
serves as the major brake in tooth movement. It would be also interesting to see whether the tooth 
movement of the type XII collagen knock out mice is different in its pattern and rate since the PDL 
there was found to be more uniform and generally less dense than in the wild type. 
Structural pre-programming: Structural non-uniformities and developmental preprogramming 
of structure is not unique to the PDL. The annulus fibrosus of the intervertebral disc, composed of 
type I collagen networks, was shown to sustain loads in a non-homogenous pattern (46). Non-
uniformities were detected already at the fetal stages; nevertheless, they were suggested to 
represent pre-dispositions to future failure (47). Whether there is a link between loose patterns of 
type I collagen and more blood vessels in annulus fibrosus pathologies is still controversial (35, 
36). Based on the data from this study, we suggest that non-uniformities are linked to ligament 
function. Support for this notion can be found in the literature, as non-uniformities were also seen 
in the 3D structure of the achilles tendon and at the fetal stages in the case of the anterior cruciate 
ligament, suggesting that pre-programming of these ligaments for optimized function does occur; 
however, further investigations of the entire 3D structure are needed (48, 49).  
The major challenge in imaging fibrous tissues in 3D is to achieve high resolution in intact tissue. 
Our imaging method enables us to reach a very high resolution, 1.9 µm voxel size, with the tissue 
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in its original location without fixation or staining. Moreover, since we are using fresh 
mechanically stabilized tissue, major structural deformations are unlikely to occur (for further 
technical information (50)). Another advantage is the ability to exert loads on the tissue, either 
tension or compression, at almost physiological levels. Two major differences from physiological 
loading is the absence of blood circulation and the prolonged loading time. In the case of the tooth-
PDL-bone system the relatively low pressure in the PDL blood vessels makes the loss of 
circulation less problematic and the prolonged loading mimics the physiological trajectory of an 
in-vivo loaded tooth (elaborated in (12)). The microCT set-up includes a small scintillator on an 
optical lens and a pin point source that allows phase enhancement; together with mechanical 
stabilization of the specimen, the visualization of the fibrous collagen network is made possible. 
Our 2HG data provides validation of the microCT data. 
Conclusions    
Here, we show that the periodontal ligament is generated as a non-uniform structure before 
function occurs. The non-uniformity is specifically designed in order to optimize the tissue 
function to the specific local future load regimes. Areas that were found to function under 
compression loads were generated with sparse collagen fibers and large blood vessels, similar to 
what is found in other ligaments at sites of compression. Non-uniformities in ligaments are 
regarded as structural modifications due to function; however, we propose that ligaments are 
generated with integral non-uniformities as a structural strategy to optimize the tissue function. 
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Materials and methods 
Mice  
All animal experiments were performed in compliance with NIH's Guide for the Care and Use of 
Laboratory Animals and Guidelines from the Harvard University Institutional Animal Care and 
Use Committee. The study was approved by the Harvard Medical School Institutional Animal 
Care and Use Committee (Protocol number 02074).  
Wild Type C57BL/6 mice were purchased from Jackson laboratories and served as controls.  
Flk1-Cre  mice (19) are a transgenic line generated by fusing the Cre gene to a fragment of the 
promoter sequence of Flk1. Reporter mice (tdTomato mice) were purchased from The Jackson 
Laboratories And crossed with the Flk1Breier-Cre to generate an endothelial cell specific cre strain 
inducing Tomato expression in endothelial cells only.  
Col12a1-/- mice with C57BL/6-129/SvJ backgrounds were generated and contributed by Dr. Birk 
(51). The mixed background was shown to be equivalent to the C57BL/6 which served as controls. 
MicroCT 
Custom-made loading device 
The custom-made humidified loading setup is a modification of a previously design published by 
Naveh et al (11). Briefly, the cylindrical chamber, 3cm in diameter, includes a 3 mm thick 
polycarbonate cylinder through which the X-ray beam passes. A linear stepping motor is firmly 
attached to the side of the chamber top end and a load cell is connected to the motor shaft with an 
angulated lever. The stepping motor moves a stainless steel anvil downwards or upwards, exerting 
compression or tension forces respectively on samples in the chamber. The sealed chamber 
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contains a water reservoir at the base which generates a steady humidified environment of around 
95% relative humidity close to the specimen. The entire loading set-up is screwed to the rotating 
stage of the microCT. The whole device therefore enables high-resolution scans of loaded or 
unloaded fresh biological samples in humidified conditions.  
The freshly dissected hemi-mandible was bonded to the fixed stage (within 5 minutes from the 
dissecting time) inside the humidity chamber using a dental restorative composite material, 
Z100™ (3M ESPE, compressive yield strength 470 N/mm2). 
Then, the crown of the M1 tooth was bonded to the upper anvil resulting in mechanical 
stabilization of the tooth and the type I collagen networks, preventing any further movement or 
changes in the tooth-PDL-bone complex.  
Data collection and analysis 
An XRadia MICRO XCT-200 was used. The microCT source was set to 40 kV and 200 μA and 
2500 projection images were recorded over 183 degrees with an exposure time of 25 sec for each 
image with a 10X optical magnification and binning of 2. No X-ray source filter was used. The 
resulting scans have a pixel size 0.76μm. The volume was reconstructed without additional 
binning, using a back projection filtered algorithm (XRadia). Once the reconstruction of the 
volume was complete, 3D image processing and analysis were carried out using Avizo® software.  
 
 Histology 
Mandibles from 12-week old Flk 1-cre; tdTomato mice were fixed in 4% formaldehyde for 24 
hours and decalcified in 0.5 M EDTA (Ph 8.0) at 4 °C on a shaker for two weeks. Decalcification 
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was confirmed by digital radiography. The decalcified samples were then infiltrated with a series 
of sucrose and embedded in OCT (Tissue-Tek®) compound (Sakura Finetek USA, Inc., Torrance, 
CA) for cryostat sectioning. Samples were sectioned into 10µm slices with a Leica 3050 cryostat 
machine.  
Segmentation and density analysis 
In the SI 
Second harmonic generation 
Hemi mandibles were dissected and fixed in 4% formaldehyde for 24 hours and washed with 
PBS, thereafter the buccal bone was thinned using a dental driller under a Leica stereo 
microscope until the tooth roots were visible. Second Harmonic Generation signal was collected 
on a ZEISS 780 confocal microscope equipped with a Mai-Tai DeepSee femtosecond 
laser.  Briefly, the laser was tuned to 860mn producing an SHG signal at 430nm.  The back 
reflected signal was collected through a 20x/1.0NA water dipping objective onto a non-
descanned PMT detector behind a 420-480 bandpass filter. Images were analyzed with maximal 
projection mode in Fiji. 
 
Fluorescent microscopy 
Slides were washed with PBS 3 times for 5 minutes and then immersed in a blocking solution of 
5% goat serum 1 hour at room temperate. CD31 primary antibody (rat anti mouse, 1:50, BD 
Biosciences #550274) was used at 4 °C overnight. Secondary antibody goat anti rat (1:500, life 
technologies, lot No. 1689880) was used for 1 hour at room temperate. All sections were mounted 
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with HardSet Mounting Medium with DAPI (Vector Labs), and imaged using a Keyence 
fluorescence microscope BZ-X700. 
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Figure Legends 
Figure 1: 3D visualization of fresh, unstained collagen networks in the periodontal ligament of a 
15 weeks old mouse 1st mandibular molar. Gray arrowheads – sparse networks, black arrowheads 
– dense networks, scale bar 100µm. A. Reconstructed volume showing the 1st molar tooth of a 
mouse inside the bone and the collagenous component of the PDL. Two directional arrows show 
the longitudinal orientation of the collagen sheets, bone is virtually removed. B. 3D view of only 
the collagen compartment in the PDL, in a sagittal orientation. C. transverse view on the upper 
portion of the collagen network, the portion above the white arrow in 1B, showing the sparse 
network in between the roots, the furcation (gray arrowhead) and the dense areas encircling the 
roots (black arrowheads). D. Sagittal section showing the collagen network on the tongue side of 
the tooth (below the dotted line in 1C), this side the network is generally dense in its distribution, 
black arrowhead points to the most noticeable dense area. E. Sagittal section showing the collagen 
network on the cheek side of the tooth (above the dotted line in 1C), this side the network is 
generally less dense in its distribution, gray arrowhead points to the most noticeable sparse area. 
 
Figure 2: Relative distribution maps of the PDL collagen network of 15 weeks old mouse, hot 
colors towards yellow – dense, cooler colors towards blue are low density fibers – sparse networks. 
B- buccal – cheek side, L- lingual – tongue side. A. sagittal view  at the fibers distribution map on 
buccal half, note the none uniform fibers distribution and the dense collar just at the top – just 
where the PDL tissue starts below the crown (black arrow) areas with sparser networks are shown 
with white arrows. B. Sagittal view of the fibers distribution map on lingual half, here the fibers 
are distributed more evenly. C, D. Coronal views showing the Mesial root (located closer to the 
front of the mouth, C) and Distal root (located closer to the back of the mouth, D) note the 
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differences in the densities between the lingual side (L) and the buccal side (B). A dense collar is 
located on the top of the buccal side (black arrow) and the sparse area in the middle of the root 
(white arrow). E. top view showing the sparse network in between the two roots, at the furcation 
region, white arrow. 
 
Figure 3: correlation between the fibers distribution and compression loads exerted on the PDL. 
A. top. a close-up at the half mandible inside the loading set-up with the vertically moving anvil 
bonded to the 1st molar. Bottom. 2D slice from a microCT scan depicting the difference between 
the long axis of the crown and the long axis of the root, when loaded vertically, the buccal side of 
the PDL is compressed while the lingual areas a widening, white arrow shows the wider side of 
the PDL, black arrow is the compressed area of the PDL. B, E. 2D slice of a microCT scan taken 
while the tooth was vertically loaded. B. showing a narrowing of the PDL region in the middle of 
the root at the buccal side, note the great proximity between the root and the bone (black arrow). 
E. showing great proximity between the tooth and the bone at the furcation (white arrow). The 
density maps at an unloaded state (C, D) show that the regions of great proximity between the 
tooth and bone are occupied with sparse collagen networks, black and white arrows. B- buccal, L– 
lingual, scale bar 100µm.  
Figure 4: Density map during at  different stages of development and function.  2 weeks – before 
the tooth erupts. 3 weeks - right after eruption. 10 weeks - functioning tooth – young mouse. 15 
weeks – adult mouse. Density scale: hot colors towards yellow – dense, cold colors towards blue 
– sparse, Black arrowheads point sparse networks. 
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Figure 5: Image of the stacked maximal projection of second harmonic generation signal from a 
15 weeks old mouse. White arrows point the dense network, where the fibers a clearly observed 
and black arrows point at the area occupied by a sparse network where less fibers are observed. 
Scale bar 100µm. 
Figure 6: Relative distribution maps of the PDL collagen network of 10 weeks old mouse. Overall 
the fibers are not well organized in the sheets formation that is seen in the wildtype. Moreover the 
distribution is more uniform and the dense collar around at the upper portion of the ligament is 
almost totally absent. A. lingual view of the sagittal lingual half of the network similar to figure 
2B. B. buccal half. C. 3D volume rendering of the fibers themselves, lingual half. D. transverse 
view. Note the dense strip is almost totally absent. M – mesial, D – distal, B – buccal, L - lingual 
Figure 7: Histological sections demonstrating the blood vessels inside the PDL. A. 2D coronal 
section of 13 weeks old mice, collagen fibers in the PDL are marked in red due to enhanced auto 
fluorescence signal. White arrows point the multiple blood vessels located in the buccal side 
correlating with high compression forces area and the sparse collagen networks, as observed in 
Figure 3. Black arrows shows the few blood vessels found on the lingual side in regions of high 
density. B. 2D Sagittal section. White arrows point to the large blood vessels observed at the 
furcation area in the PDL co-localized with low density networks and high compression forces. 
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SI 
Automatic segmentation of the periodontal ligament fibers  
In order to objectively segment and analyze the 3D density of the fibers we generated an automated 
method to segment the fibers from the tooth and the bone. In the microCT images the tooth, bone 
and the PDL fibers have the same range of grey values, therefore the common segmentation tools 
using differences in pixel intensity values could not be utilized. The PDL fibers are narrow fibrous 
objects and hence have high intensity and high gradients whereas the tooth and bone are solid and 
have high intensity but low gradients (figure S1). 
 
 
 
 
 We used these morphological features to segment the fibers from the tooth and bone. Using a 
correlation histogram (Avizo) we were able to differentiate between the high gradient and low 
gradient regions within the high intensity pixels (figure S2).  
 
 
 
 
 
Tooth 
PDL 
Bone 
Figure S1. 2D slice from a microCT 
scan showing the tooth, PDL fibers 
and Bone. Note the similar grey 
values of all 3 components. 
Figure S2. Correlation 
histogram of the 3D file. The 2 
bright areas, marked with black 
and white arrows 
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Thereafter using the selected values from the correlation histogram we segmented the tooth and 
the bone and created a mask for these features (figure S3). The tooth and bone were removed from 
the image and the remaining data was exported using the MATLAB tool in Avizo.  
 
 
 
 
 
 
 
 
A Standard Deviation Filter was applied to the image in MATLAB, allowing identification of 
fibrous regions based on local variation in intensity values. With no hard tissues in the image, the 
PDL can be identified as any larger contiguous remaining features. Extraneous fibrous elements, 
such as those present within the pulp chamber, are thin “wispy” strands and are separated based 
on having smaller morphological features. (Figure S4).    
 
 
Tooth 
Tooth 
Bone 
Bone 
PDL 
PDL 
Figure S3 
A. 2D representation of the 
mask after segmenting the 
region in the correlation 
histogram corresponding to 
bone and tooth. 
B. 2D slice after using 
morphological processing for 
hole filling in the segmented 
tooth and bone.  
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Figure S5 
 
 
 
 
 
 
 
 
 
 
 
Once the PDL fiber regions have been identified and isolated, pixel intensity values were utilized 
to identify individual PDL fibers. The Hysteresis Thresholding Module within Avizo can be used 
to identify the individual fibers within these regions. The Hysteresis Thresholding Module 
determines if a pixel value crosses the threshold, which was identified based on analyzing average 
intensity values of PDL fibers. If the value is above the threshold it is identified and visualized 
(Figure S5).  
 
 
 
Fibrous elements thresholded based on 
local standard deviation values 
Defining the fibrous elements belonging to the PDL  
a b c 
Thresholding Processing 
Extraneous 
fibrous element 
The Hysteresis Thresholding tool was used to 
threshold and isolate the individual.  
2D slice of the fibers inside 
segmented PDL. 
 
Figure S4 
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After a 3D volume of the fibers was created (Figure S6)  Due to limitations in software and 
available information, an exact calculation of fiber density (# fibers/volume) could not be 
calculated. The Local Density Map Module in Avizo provides the ability to calculate a relative 
regional density (Volume of fibers/volume of region) to objectively identify sparse vs dense fiber 
regions. The Autoskeleton module in Avizo was used to create a skeleton framework of the fibers 
and overlay the relative Local Density Map values. (Figure S7) A hot-cold color map was applied, 
where yellow indicates high fiber density and red indicates sparse fiber density.  
 
 
Figure S6 
 
 
 
 
 
 
Figure S7 
 
 
 
B 
3D volume of the segmented PDL fibers. Two densities 
were detected: dense (white arrow) and sparse (black 
arrow). 
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